Abstract-In this paper, we present a novel low complexity algorithm for reducing the peak-to-average power ratio (PAPR) occurring in OFDM-based cognitive radios. Although several PAPR reduction algorithms exist in the literature, they are often only effective for specific scenarios. Our proposed algorithm exploits the agility of cognitive radio technology to rapidly choose and employ the appropriate PAPR reduction approach from a set of approaches to achieve a large decrease in PAPR, given the current operating conditions. The results show that for a wide range of operating conditions, the proposed algorithm achieves a large decrease in PAPR, unlikely the PAPR results when only a single reduction approach is employed across the same wide range.
I. INTRODUCTION
As access to available spectrum is becoming increasingly difficult, several researchers proposed the concepts of spectrum pooling and the use of non-contiguous portions of spectrum for high data rate transmission [1] . Non-contiguous OFDM (NC-OFDM) is a promising candidate for such a flexible spectrum pooling system, where the implementation achieves high data rates via collective usage of a large number of non-contiguous subcarrier bands. Thus, the NC-OFDM can avoid interfering with incumbent users respecting their rights to the spectrum, while still being able to transmit information.
In general, OFDM offers high spectral efficiency, robustness to channel fading, immunity to impulse interference, and the capability to handle frequency-selective fading without resorting to complex channel equalization schemes [2, 3] . However, one disadvantage of OFDM is that it could exhibit a large envelope variation in the time domain, which is often characterized by a large peak-to-average power ratio or PAPR (refer to Section III for details). When high PAPR occurs, the digital-to-analog (D/A) converter and power amplifier of the transmitter would require a large dynamic range to avoid amplitude clipping, thus increasing both power consumption and component cost.
To reduce PAPR in OFDM transceivers, there are several solutions proposed in the literature that could be employed by the system. These solutions include the use of error control coding [4] [5] [6] [7] [8] and constellation shaping techniques [9] [10] [11] . With respect to the latter, one constellation parameter that could be adjusted on a per-subcarrier basis is the subcarrier phase information. However, most of these algorithms possess a high computational complexity, especially for a large number of subcarriers. Data randomization, such as interleaving, can be employed to disrupt the long correlation patterns of a frame, hence reducing the PAPR of an OFDM signal [12] . However, interleaving is effective only when the data frames have moderate PAPR values. It was proposed that interleaving can be combined with selective mapping (SLM) techniques or partial transmit sequences (PTS) techniques for achieving greater reduction in PAPR [12] . However, combining interleaving with these techniques will substantially increase their computational complexity.
In this paper, we propose a novel low complexity algorithm that adaptively chooses which PAPR reduction approach, or combination thereof, to employ based on the current operating conditions, such as instantaneous PAPR. The PAPR reduction approaches employed by the proposed algorithm in this work are: (1) interleaving, and (2) per-subcarrier phase adjustments. The proposed algorithm is then evaluated within the framework of cognitive radio transceiver employing NC-OFDM. The rest of the paper is organized as follows: A brief overview of an NC-OFDM transceiver is presented in Section II. The definition of PAPR is presented in Section III. The proposed algorithm is presented in Section IV. The simulation results from this work are presented in Section V and several conclusions are made in Section VI.
II. NC-OFDM TRANSCEIVER
A general schematic of an NC-OFDM transceiver employing the proposed PAPR reduction algorithm is shown in Fig. 1 . The basic principle of NC-OFDM is to split a high-speed data stream, x(n), into N slower data streams that are transmitted simultaneously over orthogonal subcarriers. For NC-OFDM, the active subcarriers need not be contiguous and are located in unoccupied spectrum bands 1 . Without loss of generality, these streams are modulated using M-ary phase shift keying (MPSK). As shown in Fig. 1(a) , the proposed adaptive-mode PAPR reduction algorithm decides upon computing phase adjustments, interleaving the data sequence, or a combination of both to reduce PAPR of an OFDM signal. The PAPR reduction information is also transmitted to the receiver. The inverse fast Fourier transform (IFFT) is then used to transform these modulated subcarrier signals into the time domain. Prior to transmission, a guard interval, with a length equal to or greater than the channel delay spread, is added to each OFDM symbol using the cyclic prefix (CP) block in order to mitigate the effects of intersymbol interference (ISI). Following the parallel-to-serial (P/S) conversion, the baseband NC-OFDM signal, s(n), is then passed through the transmitter radio frequency (RF) chain, which amplifies the signal and upconverts it to the desired center frequency.
The complex envelope of a baseband NC-OFDM signal, consisting of all N contiguous subcarriers over a time interval [0, T ], is given by
where The receiver downconverts the RF signal to baseband for processing, yielding the signal r(n). Then, the signal is converted into parallel streams, the cyclic prefix is discarded, and the fast Fourier transform (FFT) is applied to transform the time domain data into the frequency domain. Distortions from the channel are equalized on per subcarrier basis. If the subcarrier phase information has been adjusted or the subcarriers have been interleaved, these modifications are reversed using the information from the transmitter. From the predetermined spectrum band, the subcarrier data is demodulated and converted into a reconstructed version of the original high-speed input,x(n).
III. PEAK-TO-AVERAGE POWER RATIO
The PAPR of Eq. (1) is defined as the ratio between the maximum instantaneous power and the average power 3 , namely:
where E{.} denotes the expectation operator. The continuous time PAPR of s(t) can be approximated using the discrete time PAPR, which is obtained using samples of the OFDM signal 4 . Therefore, in this paper, the discrete time PAPR will be employed in the analysis.
IV. PROPOSED PAPR REDUCTION ALGORITHM
Although there has been much research conducted in the area of PAPR reduction, most of these solutions are suited for specific cases, depending on the similarity between the subcarrier information. Thus, a PAPR reduction approach that is effective for one scenario may not be suitable for another scenario. However, the proposed algorithm can choose the PAPR reduction approach best suited for a particular situation.
The objective of the proposed PAPR reduction algorithm is to choose the PAPR reduction mode that is capable of achieving a substantial decrease in PAPR. For instance, interleaving techniques can substantially decrease the PAPR, when the PAPR is moderate [12] . This is due to the fact that interleaving can be used to randomize the input sequence and disrupt the long correlation pattern of the input sequence. On the other hand, for very high PAPR values, phase-adjusting algorithms have shown to be the best choice for PAPR reduction [11, 18, 19] . This follows from the fact that binary or polyphase sequences with large out-of-phase aperiodic correlation values can result in signals with large PAPR values 5 . Thus, the resulting PAPR could be very high when the input sequence is highly biased. Although the probability of highly biased data frames is low over a long period of time, it is possible to have scenarios where data is biased for relatively short periods of time 6 . Thus, the proposed adaptive mode PAPR reduction algorithm chooses the mode best suited for different transmission conditions in order to achieve a substantial reduction in PAPR for most scenarios.
Referring to the flow diagram of Fig. 2 and the transceiver schematic of Fig. 1(a) , the proposed algorithm commences by computing the instantaneous PAPR of an OFDM signal, without any phase updating or interleaving, using the values of A k . If the resulting PAPR value is less than a predefined threshold PAPR Th1 , then the signal can be transmitted without any modification and the algorithm ends, i.e., neither the phase-updating algorithm block or interleaver block in Fig. 1(a) are employed. However, if the PAPR value is above the set threshold PAPR Th1 , the algorithm must choose a PAPR reduction algorithm and lower this value. If the PAPR value is less than a set threshold PAPR Th2 , the proposed algorithm choose the "interleaver" mode, i.e., the interleaver block in Fig. 1(a) , where an interleaver is applied to the data sequence. Since the algorithm has K interleavers available, the interleaver yielding the greatest decrease in PAPR is chosen. If the instantaneous PAPR is greater than PAPR Th2 , the algorithm enters the "phase adjustment" mode, i.e., the phase-updating block of Fig. 1(a) , where the subcarrier phases are adjusted to achieve a reduction in PAPR. If the PAPR reduction is insufficient, the algorithm will also employ one of the K interleavers to the phase-updated subcarriers to achieve a larger PAPR reduction. 6 For example, transmitting uncoded image data from a webcam, when the room is dimly lit, can result in data being highly biased.
V. SIMULATION RESULTS

A. Simulation Setup
We now consider an NC-OFDM transceiver employing 512 BPSK-modulated subcarriers with 0% of the subcarriers being deactivated 7 . The percentage of subcarriers transmitting the same BPSK symbol, e.g., "1", varies from 50%, i.e., unbiased scenario, to 99%, i.e., highly biased scenario. For each scenario, 100, 000 BPSK-modulated NC-OFDM symbols were evaluated and the resulting PAPR values averaged. When generating the complementary cumulative density function (CCDF) plots of the PAPR for an NC-OFDM transceiver, 100, 000 BPSK-modulated NC-OFDM symbols were employed for a given PAPR value. Finally, results for the two modes of operation of the proposed adaptive mode PAPR reduction algorithm are shown: (1) interleavers-only mode, and (2) phase adjustment with interleavers 8 .
B. PAPR Results
The mean and standard deviation of the PAPR for an NC-OFDM transceiver, employing only the best of the K interleavers, are plotted in Fig. 3 . We observe that when the percentage of subcarriers employing the same BPSK symbol is around 50%, the interleaver approach appears to limit the PAPR to about 8 dB. However, as the percentage increases beyond 60%, the effectiveness of the interleavers to reduce the PAPR diminishes. Also notice how as the number of available interleavers increases, the PAPR can be reduced by as much as 0.5 dB for K = 16 interleavers.
In Fig. 4 , the mean and standard deviation of the PAPR for an NC-OFDM signal employing a phase updating algorithm and four interleavers are shown. We observe that with the combination of the phase updating algorithm and the interleavers, the mean PAPR does not exceed 7.5 dB when the percentage of subcarriers employing the same BPSK symbol ranges from 50% to 100%. However, we know from other simulation results that the phase updating approach is ineffective at low percentages. Thus, to save computational and hardware complexity, the proposed algorithm can choose an interleaver-only mode when the percentage of identical subcarrier transmissions is below 60%, and a combined mode when it is above 60%.
To reduce the amount of overhead information required to perform phase adjustment PAPR reduction, the phase updates can be grouped together to reduce the information overhead to the receiver. In this case, as the subcarrier group size, N grp , increases in the number of subcarriers, the PAPR reduction slightly degrades due to the loss in flexibility. Finally, notice how for percentages less than 60% that the PAPR values are the same as those in Fig. 3 . This implies that at percentages around 50%, phase adjustments do not have any significant impact on the reduction of the PAPR. Therefore, the proposed adaptive mode PAPR reduction algorithm would reduce the computational complexity by choosing only interleavers in this case. The CCDF of the PAPR for an NC-OFDM transmission is plotted in Fig. 5 , where the only PAPR technique being employed by the transceiver is only K = 4 interleavers. It is evident from these results that the PAPR statistics improve with an increasing number of available random interleavers, relative to the case when no PAPR reduction is performed. Moreover, combining the phase adjustment approach and K = 4 interleavers results in even better PAPR performance, relative to only employing interleavers. However, as the subcarrier group size, N grp , increases in the number of subcarriers, the PAPR reduction performance of the combined approach begins to deteriorate. Fig. 6 shows the PAPR CCDF when the number of available interleaver varies from K = 4 to K = 16. The observed trend is that as K increases, the PAPR performance of the transceiver improves, with the probability that the PAPR which exceeds 8.6 dB is less than 0.1% when K = 16 
VI. CONCLUSION
In this paper, we presented a novel algorithm for the reduction of PAPR. The algorithm adaptively selects the appropriate approach to achieve the largest possible decrease in PAPR, given the available PAPR reduction approaches. In this work, we employed two PAPR reduction approaches: (1) interleaving, and (2) subcarrier phase adjustment. The results show when the approaches are employed across a wide range of operating conditions, they only achieve substantial performance gains for a small subset of cases. However, "gearshifting" between approaches achieves much better results across a wider range of scenarios. 
